Abstract. Multiple osteochondromas (MO) is an autosomal skeletal disease with an elusive molecular mechanism. To further elucidate the genetic mechanism of the disease a three-generation Chinese family with MO was observed and researched, and a novel frameshift mutation (c.335_336insA) in the exotosin 1 (EXT1) gene of one patient with MO was observed through exome sequencing. This was further validated by Sanger sequencing and comparison with 200 unrelated healthy controls. Immunohistochemistry and multiple sequence alignment were performed to determine the pathogenicity of the candidate mutation. Multiple sequence alignment suggested that codon 335 and 336 in the EXT1 gene were highly conserved regions in vertebrates. Immunohistochemistry revealed that EXT1 protein expression levels were decreased in a patient with MO and this mutation compared with a patient with MO who had no EXT1 mutation. Owing to the appearance of c.335_336insA in exon 1 of EXT1, a premature stop codon was introduced, resulting in truncated EXT1. As a result integrated and functional EXT1 was reduced. EXT1 is involved in the biosynthesis of heparan sulfate (HS), an essential molecule, and its dysfunction may lead to MO. The novel mutation of c.335_336insA in the EXT1 gene reported in the present study has enlarged the causal mutation spectrum of MO, and may assist genetic counseling and prenatal diagnosis of MO.
Introduction
Multiple osteochondromas (MO), formerly referred to as hereditary multiple exostoses, is an autosomal dominant inherited disease with a recorded prevalence of 1/50,000 in Washington, USA, in 1994 (1) . MO commonly presents as a benign bone tumor, however, 1-2% of patients with MO progress into osteosarcoma or chondrosarcoma (2, 3) . MO typically manifests as abnormalities in skeletal development, primarily involving long bones and the knees, ankles, elbows, wrists, shoulders and pelvis. Bony prominences of ranging size typically emerge around the epiphysis of long bones in the limbs of patients with MO (4, 5) . Osteochondromas normally emerge during infancy and tend to present with related symptoms during adolescence, as the number and size of tumors often increases with age until growth terminates (6) . Owing to the expanding tumors, patients with MO often suffer from pain, nerve and vascular compression, joint deformity and limitation of activity among other symptoms, including a shortened stature (7, 8) .
Although the molecular mechanisms underlying MO are yet to be fully clarified, previous studies have reported that the exotosin (EXT) family is responsible for MO (9) (10) (11) . EXT genes encode proteins that are involved in the biosynthesis of heparan sulfate (HS), an essential molecule in the growth and development of normal cells and dysfunction of EXT genes may lead to MO (12, 13) . EXT1 (14) , EXT2 (15) and EXT3 (16) are the most important members of the EXT family (17) . A common genetic basis exists in 90% of MO cases: Mutations in EXT1 or EXT2 trigger an early introduction of the termination codon and corresponding partial or total EXT gene deletion, resulting in a loss of protein function. 80% of EXT mutations are nonsense, frameshift or splicing mutations, with large fragment deletions and insertions rarely reported (18, 19) .
With the development of DNA sequencing technology, gene mapping of diseases via exome sequencing has emerged, exhibiting the advantage of covering all exon regions. Exome sequencing has already been applied in the research of tumors and genetic diseases, through the screening of novel and pathogenic genetic variants of all exons or targeted sequences (20, 21 In the present study, exome sequencing was performed on a patient from a three-generation Han Chinese family with hereditary MO. Data were filtered from the 1000 Genome Project (http://www.1000genome.org), the Single Nucleotide Polymorphism (dbSNP) database for Chinese Han SNP (build 132; http://www.ncbi.nlm.nih.gov/project/SNP/) and other databases. Sanger sequencing of the MO patient, an unaffected relative and 200 unrelated healthy controls further validated the candidate mutation. For further confirmation, four individuals from an unrelated family with MO were examined. In addition, immunohistochemistry and multiple sequence alignment were performed to appraise the importance of the identified causal gene mutation.
Materials and methods
Human subjects. A Han Chinese family with MO from Fujian Province, China, was included in the present study (Table I ; Fig. 1A ). The proband (II4) was a 27 year old man who had displayed multiple, expanding exostoses for twenty years. Another family with MO (affected individuals: II2, II3 and II4; unaffected individual: II1) lacking an EXT1 gene mutation were included for further validation (Fig. 1B) . 200 unrelated healthy subjects (100 males and 100 females, aged 10-40 years) with the same geographical ancestry were included as controls. Clinical data of all subjects was carefully recorded by the resident, with all participants receiving a general examination that included a computed radiography examination of long bones, truncal and acral joints by two experienced, independent orthopedic physicians. 5 ml venous blood was drawn from 2 family members and the 200 healthy controls using EDTA-K2 anticoagulant vacuum blood vessels. The present study was approved by the Ethics Committee of The Fuzhou Second Affiliated Hospital of Xiamen University. All subjects provided signed, informed consent prior to participation.
Exome sequencing. Genomic DNA of the subjects was extracted from peripheral blood samples, using the QIAamp DNA Blood Midi kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocols. The extracted DNA was subsequently sent to the Huada Gene Research Institute (Shenzhen, China) for the following experiments, including exome sequencing. Initially, a total of 49 genes implicated in genetic tumors (Table II) were selected for exome sequencing, which was based on the gene capture strategy from the Huada Gene Research Institute (22) . For exome sequencing, 3 µg of extracted DNA from the patient with MO (II4) was randomly sheared into 100-200 bp fragment libraries by the Covaris LE220 ultrasonoscope (Covaris, Inc., Woburn, MA, USA), and purified by AMPure beads (Beckman Coulter, Inc., Brea, CA, USA). The purified DNA fragment tails were repaired and ʻAʼ adapters were ligated to both ends of the resulting fragments which carried specific ʻTʼ linkers. In this way, the cDNA library was constructed completely. Prepared DNA was then amplified by ligation-mediated polymerase chain reaction (LM-PCR), purified, and hybridized to the NimbleGen Human custom array (NimbleGen; Roche Molecular Diagnostics, CA, USA) for enrichment. Reaction conditions were as follows: 1 cycle of 98˚C for 30 sec, 15 cycles of 98˚C for 10 sec, 60˚C for 30 sec and 72˚C for 30 sec; 1 cycle of 72˚C for 5 min. Non-hybridized fragments were subsequently washed out. Both non-captured and captured LM-PCR products were subjected to an Eva Green (3100; Biotium, Inc., Hayward, CA, USA) Real-Time Fluorescence Quantitative PCR System (StepOne; Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA) to estimate the magnitude of enrichment based on previous work (23) . Each captured library was subsequently loaded onto the Hiseq2000 platform (Illumina, Inc., San Diego, CA, USA), and high-throughput sequencing was performed for each captured library independently to ensure that each sample met the desired average fold-coverage. Raw image files were processed by Illumina base calling software 1.7 (Illumina, Inc.) and the sequences of each individual were generated as 90 bp paired-end reads.
Read mapping and variant analysis. Raw read sequencing quality was assessed following completion of exome sequencing, to ensure that low quality and contaminated reads were removed. Reads with too many N bases (>10%) or low base quality (>50% bases with base quality <5) were discarded. Burrows-Wheeler Aligner (BWA) software (version hg19, build 37.1, http://bio-bwa.sourceforge.net/) was then used to align clean reads to the (University of California Santa Cruz (UCSC) human reference genome. Evaluation of the capture experiment was executed at the same time. Based on the BWA alignment results, Short Oligonucleotide Analysis Package snp software (version 1.03; http://soap.genomics.org.cn/index. html) and SAMtools software (version 0.9.41; http://sihua .us/samtools.htm) were used to search for single nucleotide variant (SNV) and insertion and deletion (indel) mutations, respectively. Once base polymorphisms of the target region were obtained, information of interest was aligned to data from the following databases by the Huada Gene Research Institute: the National Center for Biotechnology Information Database of Short Genetic Variation (dbSNP) (https://www.ncbi.nlm. nih.gov/snp/), the International HapMap Project (ftp://ftp .ncbi.nlm.nih.gov/hapmap/), the 1000 Genomes Project (ftp://www.1000genome.org), the Exome Sequencing Project (ESP; esp6500siv2), the Exome Aggregation Consortium (ExAC; version 0.3) and the Kaviar database (version no. 160,204) (24), which include various ethnic groups. Mutations of interest were screened, marked and analysed for gene function. Quality control, carried out before analysis for clean data and after data processing, was present throughout this pipeline in order to obtain clean data and alignments.
Sanger sequencing. Confirmatory Sanger sequencing was carried out in the proband and his sister (II5) to validate the candidate mutation that was identified by targeted exome sequencing. Target sequences from 200 unrelated healthy controls also underwent Sanger sequencing to estimate population frequencies and the pathogenicity of the candidate mutation. Sanger sequencing was performed using the standard protocol (18) . Primers used were as follows: 5'-CAG TCC GGA TCA TTT CTG GCC-'3 and 5'-ACT GAG GTG ACA ACT GGT CTC-'3. Sequence comparisons and analyses were performed using DNAman 8.0 (Lynnon Biosoft, San Ramon, CA, USA) and Chromas 2.0 (Technelysium Pty, Ltd., South Brisbane, Australia), respectively.
Histochemistry and immunohistochemistry.
Chondroma tissues from the proband and an unrelated patient with MO who lacked the EXT1 gene mutation, were fixed with 1% paraformaldehyde for 24 h at 4˚C, rinsed with phosphate buffered saline (PBS), decalcified by immersion in 10% nitric acid and formaldehyde overnight and embedded in paraffin. Paraffin-embedded chondroma tissues were sectioned (5 µm thick) and placed on glass slides. For histochemistry, the tissue slides were dewaxed in xylene, hydrated with graded ethanol, and stained by toluidine blue and hematoxylin-eosin, for 5 min for each at room temperature and viewed with a fluorescence microscope (Olympus Corporation, Tokyo, Japan) at x40 magnification).
For immunohistochemistry, based on the standard procedure of high sensitivity two-step detection kit (cat. no. PV-9001; ZSGB-BIO, Beijing, China), dewaxed and hydrated chondroma sections were treated with 3% hydrogen peroxide solution for 10 min, rinsed with PBS and incubated with rabbit polyclonal anti-EXT1 antibody (cat. no. ab177101; 1:50 working dilution; Abcam, Cambridge, UK) at 4˚C overnight. Chondroma sections were treated with Polymer Helper (an assistant that helps the macromolecular detection system combine with the detected primary antibody molecule with higher sensitivity, included with the two-step detection kit) for 15 min, rinsed with PBS and incubated with the secondary antibody (cat. no. K152709C, polymer of anti-rabbit IgG; OriGene Technologies, Inc.) at 37˚C for 15 min and stained using the DAB substrate kit (Vector Laboratories, Inc., Burlingame, CA, USA) and Mayer's hematoxylin, and viewed with an fluorescence microscope (Olympus Corporation) at x15 magnification. Targeted amino acid sequences of the primary antibody for EXT1 were 5-162 of human EXT1, a region upstream of the novel mutation.
Results
Clinical imaging and pathological examination. Specialized examination revealed that the proband had a valgus deformity in the left knee, and prominent tumors of ranging size in the arms, knees and pelvis. Exogenous tumors emerged from the distal end of bilateral femurs, the proximal end of bilateral tibias and fibulae, and around the pelvis (Fig. 1C-E) , partially manifesting as irregular cauliflowers of varying size, with calcific cartilage caps. The tumors were connected to the wide base of the parent bone.
Tissue structure of MO was visualized by staining (Fig. 1F) , revealing that layers of fibrous perichondrium were present around the cartilage cap, in which there was a typical cluster of chondrocytes growing neatly.
Exome sequencing and validation of Sanger sequencing.
Exome sequencing of 49 genes linked to hereditary tumors was performed for the subject. For the targeted regions, the mean sequencing depths of >80% of the 49 genes were yielded (Table III) . Considering the alteration of gene function caused by the mutations and their respective population frequencies, a frameshift mutation (c.335dupA) in EXT1 remained as candidate for causal mutations, further validated by Sanger sequencing of the patient with MO patient, the unaffected sister and 200 healthy controls. The heterozygous insertion (c.335_336insA) in EXT1 was identified as a candidate pathogenic gene mutation, as it was present in the proband ( Fig. 2A) but absent in the unaffected individual (Fig. 2B) and the 200 healthy controls, as well as an unrelated family with MO. Multiple sequence alignment revealed that codon 335 and codon 336 of EXT1 are highly conserved in vertebrate species with a relatively close relationship to humans (Macaca mulatta, Pan troglodytes and Pongo abelii) and species with a remote relationship to humans (Mus musculus, Rattus norvegicus) (Fig. 2C) . This demonstrates its functional importance.
Histochemical staining and immunohistochemistry. To evaluate the functional impact of c.335_336insA on the EXT1 protein, protein expression levels of EXT1 in two unrelated families with MO were detected using a supersensitive two-step immunohistochemistry method. EXT1 protein expression levels in the proband patient with MO and the c.335_336insA mutation (Fig. 3A) were markedly decreased compared with those in a patient with MO that lacked any EXT1 mutation (Fig. 3B) . (Fig. 4A ) encoding 746 amino acids and possesses two domains: exostosin and glycosyltransferase (Fig. 4B) . The mutation identified in the present study, c.335_336insA, appeared between codon 335 and codon 336 in exon 1 of EXT1 (Fig. 4A) , resulting in a frameshift mutation in the first domain of the EXT1 gene and creating a premature stop codon at amino acid 187 (Fig. 4C) . This resulted in the loss of part of the exostosin domain and the entire glycosyltransferase domain, producing a truncated polypeptide (Fig. 4C) .
As a putative tumor-suppressor in the EXT gene family, EXT1 mutations have been suggested to be a major cause of MO, in addition, patients with MO who have EXT1 gene mutations tend to display more severe symptoms and suffer a greater risk for malignant transformation than patients with EXT2 gene mutations (25) (26) (27) . EXT1 and EXT2 proteins form a stable complex as a glucuronic acid sugar-based transfer enzyme and N-acetylglucosamine glycosyltransferase, catalyzing the polymerization of HS chains in the endoplasmic reticulum and Golgi apparatus (28) . HS is ubiquitously expressed on the cell surface, and as a component of extracellular matrix glycoprotein, it is involved in the mediation of cell adhesion, signal transduction and the receptor ligand binding process (29) . Previous studies have indicated that HS is an essential molecule for the growth and differentiation of normal chondrocytes and its dysfunction may be associated with MO (30-33). In the present study a novel frameshift mutation in exon 1 of EXT1 gene, c.335_336insA, was identified in one affected individual of a family with MO and was not identified in either an unaffected family member or in any of 200 unrelated healthy controls. It was also not present in individuals from an unrelated family with MO. Multiple sequence alignment and immunohistochemistry both confirmed the pathogenicity of the c.335_336insA mutation. Furthermore, according to the number and distribution of the affected patients in the family with MO (Fig. 1A) , it is possible to infer that the c.335_336insA mutation originated from the mother of the proband and was transmitted to the daughter of the proband in an autosomal dominant manner.
The c.335_336insA mutation is located within the exostosin domain of the EXT1 gene, and results in a frameshift at codon 335 and a change of an asparagine to a lysine. The occurrence of a premature stop codon and truncated EXT1 usually triggers nonsense-mediated mRNA decay and reduces the level of functional EXT1 (34, 35) . Immunohistochemistry also confirmed that the EXT1 expression level was decreased. This result is consistent with previous studies, which demonstrated that truncated EXT1 fails to fold correctly with exostosin-2 and rapidly degrades, resulting in decreased EXT1 levels in the chondrocytes of patients with MO (21, 36) .
Multiple alignment of the sequences spanning the mutation site suggested that this point of interest is extraordinarily ancient and conserved, with scarcely any differences in mammalian species either closely or distantly related to humans. Referring to evidence from previous studies, it is possible to infer that MO in the proband of the present study was caused by the c.335_336insA mutation, which directly resulted in the functional loss of the two important domains of EXT1. This hindered the effective folding of EXT1 and efficient biosynthesis of HS, leading to disruption of signal transduction. Ultimately, the proliferation and differentiation of chondrocytes escaped regulation and initiated the development of MO. Further studies are required to illuminate the molecular mechanisms underlying the actions of the two EXT1 domains, in particular the glycosyltransferase domain.
To conclude, a novel frameshift mutation c.335_336insA in EXT1 gene was discovered through exome sequencing and validated by Sanger sequencing. The pathogenicity of the mutation was further confirmed via multiple alignment and immunohistochemistry. The present study also emphasized the dysfunction of the EXT genes in the development of MO. This finding will aid early diagnosis and prenatal genetic screening of the remaining members in the studied family with MO.
